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We show that strong photoluminesene (PL) an be indued in single-layer graphene on using an
oxygen plasma treatment. PL harateristis are spatially uniform aross the akes and onneted
to elasti sattering spetra distintly dierent from those of gapless pristine graphene. Oxygen
plasma an be used to seletively onvert the topmost layer when multi-layer samples are treated.
Graphene is at the enter of a signiant researh
eort[1℄. Near-ballisti transport at room temperature
and high mobility[2, 3, 4℄ make it a potential material
for nanoeletronis[5, 6℄, espeially for high frequeny
appliations[7℄. Furthermore, its transpareny and me-
hanial properties are ideal for miro and nanome-
hanial systems, thin-lm transistors, transparent and
ondutive omposites and eletrodes[8, 9, 10℄, and
photonis[11℄. There are two main avenues to modify
the eletroni struture of graphene. One is by utting
it into ribbons and quantum dots[5, 6, 12, 13, 14℄, the
other is by means of hemial or physial treatments with
dierent gases, to redue the onnetivity of the pi ele-
trons network[15, 16℄. One of the most popular insu-
lating hemial derivatives is graphene oxide (GO)[16℄.
Bulk GO solutions and solids do also show a broad lu-
minesene bakground[17, 18℄. Hydrogen plasma was
used to ontrollably and reversibly modulate the ele-
troni properties of individual graphene akes, turning
them into insulators[15℄. Aggressive oxygen treatment
was applied to reate graphene islands[19℄. However,
thus far, no photoluminesene (PL) was seen from in-
dividual graphene layers, either ut into ribbons or dots,
or hemially treated, making graphene integration into
optoeletronis still elusive.
Graphene samples are produed by miro-leavage of
graphite on a silion substrate overed with 100 nm
SiO2[1℄. The number of layers is determined by a ombi-
nation of optial mirosopy and Raman spetrosopy[20,
21℄. Optial imaging at 473 and 514nm is done in an
inverted onfoal mirosope. The beam is reeted
by a splitter and foused with a high numerial aper-
ture objetive (NA=0.95). Raman spetra are measured
at 514nm with a Renishaw miro-Raman spetrometer.
The samples are then exposed to oxygen/argon (1:2) RF
plasma (0.04mbar, 10W) for inreasing time (1 to 6 se-
onds). The strutural and optial hanges are monitored
by Raman spetrosopy and elasti light sattering. PL
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Figure 1: (a) Confoal PL image exited at 473nm (2.62eV)
for a graphene sample oxidized for 3s. Sale bar 5µm. The
bright PL spots are spatially loalized. (b) Uniform emission
after 5s. Sale bar 10µm. For position 3 in (b), PL is bleahed
intentionally by intense laser irradiation. () Spetra deteted
at the positions marked in (b). These have broad PL entered
∼700nm (1.77eV). (d) PL transients deteted at the positions
indiated in (b). The dynamis an be desribed by a triple-
exponential with deay times ∼40ps, 200ps and 1000ps.
deay dynamis is reorded by time-orrelated single pho-
ton ounting (TCSPC) upon pulsed exitation at 530 nm
(2.34 eV), with a time-resolution of ±3ps. The aquisi-
tion time per pixel is of the order of few tens ms. The
spatial resolution is ∼800nm. The power on the sample
is well below 1mW, to prevent photo-damage.
Spatially resolved PL shows bright and loalized emis-
sion for short treatment times(Fig. 1(a)). For longer
times, the PL is strong and spatially homogeneous
(Fig. 1(b)), with a single broad band entered at ∼700nm
(1.77eV), Fig. 1(). Intense laser exitation with power
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Figure 2: Raman haraterization as a funtion of treat-
ment time. (a)Raman spetra;(b) D to G intensity ratio;()
FWHM(G); (d) ratio of the slope of PL bakground (m) to
the G peak intensity, I(G)
exeeding 1mW leads to photo-bleahing and a PL max-
imum blue-shift. The exited state deay dynamis of
this photolumineent graphene (PLG) is omplex. The
PL transients of Fig. 1(d) an be desribed by a three-
exponential deay with lifetimes ∼40, 200,1000ps, sub-
stantially longer than those observed in semionduting
nanotubes and amorphous arbon[22, 23℄. Remarkably,
the PL transients are nearly uniform aross the omplete
spetrum. This implies that spetral diusion due to
energy migration, typial for heterogeneously broadened
systems, is absent (see Figure 6 in Methods).
A Raman investigation gives further insights into the
evolution from pristine graphene to PLG. Fig. 2 plots
the Raman spetra and the main tting parameters (see
Methods). A broad PL bakground is evident in Fig
2a for treatment times above 2s. This is quite dierent
from the ase of the hydrogen plasma treated samples
of Ref.[15℄, where no luminesene was observed. Fig
2a also shows a signiant inrease of the D and D' in-
tensities, and the D+D' ombination mode ∼2950 m−1,
whih requires a defet for its ativation. Note that in
defeted graphene the relaxation of the baksattering
ondition results in signiant broadening of the seond
order modes. Defet sattering also broadens the rst or-
der peaks, eventually merging G and D' in a single large
G band for treatment times above 1s.
Fig 2b plots the evolution of the D to G peak in-
tensity ratio, I(D)/I(G). This rst raises and then de-
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Figure 3: White-light spetrum of PLG (blak line) ompared
to pristine graphene (blue Line)[20℄. The red line is a PLG
model using a Cauhy funtion for the omplex refrative in-
dex (see text) [32℄.
reases for inreasing time. The D peak intensity is
a measure of the number of defets[24, 25℄ (see Meth-
ods). Ref.[25℄, noted that I(D)/I(G) varies inversely
with the luster size La in poly- and nano- rystalline
graphites: I(D)/I(G)=C(λ)/La, where C(514.5nm)∼4.4
nm from Refs.[25, 26℄. This is known as the Tuin-
stra and Koening relation (TK). TK holds until a riti-
al defet density. Sine the D peak requires the pres-
ene of sixfold rings, when the network starts losing
them, I(D) dereases with dereasing La[24℄. In this ase
I(D)/I(G)=C'(λ)La
2
, with C'(514.5nm)∼0.55nm−2[24℄.
Combining the latter with TK, we dedue that Fig.2b
shows a ontinuous La derease down to∼1nm, and a
transition to a network with fewer sixfold rings for treat-
ment longer than 1s. This is further validated by on-
sidering the evolution of the Full Width at Half Maxi-
mum of the G peak, FWHM(G). In defet-free graphene,
a variation of FWHM(G) is observed as a onsequene
of doping[27, 28, 29℄. However, in the ase of de-
feted samples, peak broadening is a result of the ativa-
tion of q 6=0 phonons. An empirial orrelation between
FWHM(G) and La was reported in Ref.[30℄ onsidering
a variety of disordered and amorphous arbons. Com-
paring FWHM(G) in Fig.2 with the trend in Ref.[30℄,
again we get La ∼1nm for the longest treatment. The
large FWHM(G) also implies a distribution of La around
the average value.
The ratio of the slope of the PL bakground (m), to
I(G) is often used in disordered arbons as a measure of
the PL strength, when omparing dierent samples[31℄.
We thus plot m/I(G) in Fig 2(d). This reahes a maxi-
mum, then dereases for the longest treatment, onsistent
with the lak of PL in Ref.[19℄ after oxygen treatment
targeted at layer removing.
White-light sattering spetrosopy of PLG reveals
lear dierenes to pristine graphene. Fig. 3 illustrates
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Figure 4: Correlation between PL and layer thikness.(a)PL
image;(b)sattering image of the same sample area.(,
d)Corresponding ross setions taken along the dashed lines
in (a,b). PL is only observed from treated SLG, marked 1L
the sattering spetra of both materials on SiO2/Si.
While pristine graphene appears dark throughout the
spetral range overed in the experiment, orrespond-
ing to a negative interferometri ontrast [20℄, PLG
shows weaker ontrast with a positive sign for wave-
lengths smaller than 580nm. The spetrum of PLG
yields the omplex refrative index n′ = An + Bn/λ
2 +
i ∗ (Ak + Bk/λ
2), with Cauhy parameters An=2.76,
Ak=0.06, Bn=3000, Bk=1500 for the graphene thikness
of 0.34nm, omparable to those obtained for GO [32℄.
The data presented so far are taken for single
layer graphene (SLG). A dierent behavior is observed
for multi-layer graphene (MLG), whih remains non-
luminesent following treatment. Indeed, PL intensity
and sattering ontrast are diretly orrelated, as seen
in Fig. 4 for akes of dierent thikness. The sattering
ontrast for treated MLG does not sale linearly with the
number of layers, as in the ase of pristine SLG [20℄. The
MLG spetrum only features negative ontrast, while the
positive ontribution below 580nm observed for PLG is
absent. Sattering spetra from treated MLG an be rep-
resented by a superposition of treated and pristine SLG.
Oxygen plasma ething of graphite proeeds layer-by-
layer [33℄. Thus, in our ase only the topmost layer is
aeted. The absene of PL in MLG means that emis-
sion from the topmost layer is quenhed by subjaent
un-treated layers. This opens the possibility of engineer-
ing sandwihed hybrid strutures onsisting of PLG and
a variable number of pristine graphene layers.
Oxygen plasma ething is expeted to yield CO and
CO2, by suessively removing arbon atoms. Ething of
graphite ours both in the basal plane and at defets[34℄.
The latter is onsistent with our observation of point-like
PL features for short treatment times (Fig. 1(a)).
It would be tempting to interpret the PL emission as
oming from eletron onnement in sp
2
islands with
an average size of ∼1nm, as indiated by Raman spe-
trosopy. Indeed, sine eletrons in graphene behave
as massless partiles, energy quantization due to on-
nement is expeted to open a gap δE ≈ vFh/2d ≈
2eV nm/d. The resulting quantum onned energy for
a quantum disk of diameter d=2nm is 1eV. The ob-
served emission energy distribution translates into a di-
ameter distribution ranging from 0.94 to 1.29nm, in
agreement with the Raman estimation. In this ase the
large spetral width of the PL signal, ∼0.5eV, ould
result from a superposition of overlapping bands with
narrow linewidth entered at dierent size-ontrolled (or
quantum onned) energies, orresponding to heteroge-
neous broadening. Then, the optial properties of the
PLG would resemble those of pi-onjugated polymer
lms, where a distribution of onjugation lengths trans-
lates into a strong in-homogenously broadened density of
states[35℄. At room temperature, laser irradiation in the
red would lead to seletive exitation of a subset of quan-
tum onned states. Then, spetral hole burning, i. e.
the seletive photobleahing of this subset of homoge-
nously broadened lines, should be possible. This bleah-
ing ould be a photohemial modiation or even a om-
plete removal of the absorbing subset. As a result we
would observe a spetral hole, i.e. the subset absorbing a
ertain olor would not ontribute to PL. Fig.5 plots the
ratio of PL measured before (IPL) and after (IPL,bleached)
exposure to high power (>600µW) pulsed laser light at
647nm. The PL is measured at 530nm for low exita-
tion power (∼ 10µW). No spetral hole is observed in
the deteted spetral range, as would be expeted for
a heterogeneous ensemble of narrow bandwidth emitters.
Instead, only an irreversible and uniform redution of PL
intensity ours. For other bleahing energies in the red
spetral range (760,800nm) the same uniform derease is
observed, while in the blue (473,514nm) the PL slightly
shifts to shorter wavelength (see Fig.1).
Thus, we nd that the observed large spetral width of
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Figure 5: a)PL Intensity ratio for the area indiated by the
irle in b).
0.5eV reets mainly homogenous broadening, uniform
aross the PLG sheet. This is supported by the ab-
sene of spetral diusion in the time-resolved data, ex-
peted for heterogeneous lms[35℄ (see Methods). If PL
would indeed result from quantum onned states [18℄,
size-related heterogenoeus broadening would need to be
far smaller, probably below 0.1eV, requiring a very nar-
row size distribution of ∼ ±0.04nm, instead of the ∼
±0.18nm needed for the 0.5eV broadening. Sine oxi-
dation is expeted to our at dierent lattie sites and
ongurations, suh high degree of ordering would seem
unreasonable. Moreover, while for inreasing oxidation
times a suessive derease of the eetive size distribu-
tion would be expeted, the spetral harateristis of
the PL emission remain nearly onstant. In onlusion,
although the identiation of La as the quantum on-
nement length of massless eletrons would be tempting,
we rather assign the observed PL to CO-related loalized
eletroni states at the oxidation sites.
In summary, we have shown that spatially uniform PL
an be indued in single-layer graphene on substrates by
seletive plasma oxidiation. Remarkably, bi- and mutli-
layer akes remain non-luminesent, while their elasti
sattering spetra indiate the formation of sandwih-
like strutures ontaining unethed layers. The resulting
photoluminesent material ould pave the way towards
graphene-based optoeletronis.
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Methods
Raman Bakground
Raman spetrosopy is a fast and non-destrutive
method for the haraterization of arbons. These show
ommon features in the 800-2000 m
−2
region: the G and
D peaks. The G peak orresponds to the E2g phonon
at the Brillouin zone entre. The D peak is due to the
breathing modes of sp
2
rings and requires a defet for its
ativation[24, 25, 36℄. It omes from TO phonons around
K[24, 25℄, is ative by double resonane (DR)[36℄ and is
strongly dispersive with exitation energy due to a Kohn
Anomaly at K[37℄. The 2D peak is the seond order of
the D peak. This is a single band in monolayer graphene,
whereas it splits in four in bi-layer graphene, reeting
the evolution of the band struture[21℄. The 2D peak is
always seen, even when no D peak is present, sine no de-
fets are required for the ativation of two phonons with
the same momentum, one baksattering from the other.
DR an also happen as intra-valley proess, i.e. onnet-
ing two points belonging to the same one around K or
K'. This gives rise to the D' peak,∼1620m−1 in defeted
graphite. The 2D' is the seond order of the D' peak.
Ref.[25℄, noted that I(D)/I(G) varies inversely with the
luster size La in poly and nano rystalline graphites:
I(D)/I(G)=C(λ)/La, where C(514.5nm) ∼ 4.4nm from
Refs.[25, 26℄. The original idea was to link I(D) to
phonon onnement. The intensity of the non-allowed
D peak would be ruled by the defet-indued lifting of
the Raman fundamental seletion rule. Assuming that
graphite beomes uniformly nano-rystalline, the D peak
evolution an be estimated using Heisenberg indetermi-
nation priniple: I(D)∝ ∆q, with ∆q∆x∝~ and ∆x∼La.
We now know that the D peak ativation is due to DR
and not to phonon onnement. However, also in this
ase, the higher the number of defets, the higher the
hane of phonon-defet sattering and, thus, the higher
I(D). Again, sine the G peak is not defet-ativated,
even within DR, one an expet TK to hold. Now La
is an average inter-defet distane, instead of a luster
size. This is a very simple piture, whih has proven
eetive to ompare graphiti samples for inreasing dis-
order. However, we note that a omplete theory for the
D and G Raman intensity and their dependene on the
number of defets is still laking.
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Figure 6: PL transients measured at four dierent detetion
energies after exitation at 530 nm. These are nearly uni-
form aross the omplete spetrum, indiating that spetral
diusion due to energy migration, typial for heterogeneously
broadened systems, is absent.
PL Transients
Figure 6 plots the PL transients measured at four dif-
ferent detetion energies after exitation at 530 nm. All
an be modeled by a tri-exponential deay with deay
onstants of 30, 250 and 1000 ps, with dierent relative
ontributions. Remarkably, there is no diret orrela-
tion between emission energy and deay dynamis, as
would be expeted for heterogeneously broadened sys-
tems. In this ase, spetral diusion due to energy mi-
gration would lead to faster deay in the blue spetral
range and a delayed signal rise on the same time sale in
the red[35℄. The deay traes an also be modeled using
a strethed-exponential model funtion.
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